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PART I.
INTRODUCTION.

1,
THE TRANSMISSION OF PRESSURE THROUGH SAIJD.
I. Introduction.
Experiments have "been made on the transmission of pressure
through sand and other materials, and it has been found that under
uniform conditions reliable results can "be obtained. These tests,
however, have been laboratory experiments, the conditions being much
different than those in actual practice. Very little has been found
out about the direction of the lines of pressure. In this thesis,
.
the writers hope to suggest a means whereby the direction arid magni-
tude of lines of pressure may be measured under actual conditions.
In the three preceding theses of this series are recorded
tests made on shallow beds of sand. They have accomplished much in
furthering the knowledge on this subject. The work was started in
1910 by X. A. Burnell, who outlined the method of procedure to be
followed by W. G. Eells and J. Van Dervoort in 1911. They improved
greatly upon his plan, and made some extensive tests, arriving at the
conclusion that pressure is transmitted through sand in the form of
an inverted cone, there being a large concentration at one point.
L. IT. Fisher and H. F. Wagner continued these experiments in 1912,
and verified this conclusion. They also carried on some experiments
on the coefficient of friction of sand, and took photographs showing
the motion of sand particles when pressure was applied to them.
It is the purpose of the writers of this thesis:
1. To repeat on a large scale the experiments of Fisher and V/agner
in regard to the determination of the coefficient of internal fric-
tion of sand, and the effect water content has on this coefficient.
2. To make a design for an apparatus to be used in the
-measuring of
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both the vertical and horizontal components of earth pressure against
retaining walls.
3. To investigate the direction of the motion of grains of sand under
the action of a force, "by means of photographs.
The subject matter will be treated under the following
heads
:
II. The Coefficient of Friction of Sand
(a)
.
Theory and Available Data
(b)
.
Apparatus and i.Iethods of Testing
(c)
.
Experimental Data and Discussion
III. Method of Measuring Earth Pressures
(a)
.
Theory of Apparatus
(b) . Tests on Beam Flexure
(c)
.
Design of Apparatus
IV. Photographs Showing Direction of Lines of Pressure
V. Conclusions.

PART II.
THE COEFFICIENT OF FRICTION OF SAND.

5.
II. The Coefficient of Friction of Sand.
(a) Theory and Available Data.
In nearly all of the theories and formulae regarding earth
pressures, the coefficient of internal or sliding friction of the
material dealt with is taken into account. Usually this coefficient
is assumed as some value which has been used on similar work and has
proved satisfactory, attempts have "been made to determine the coef-
ficient of friction of various materials experimentally, hut the con-
ditions under which the tests were carried on have been so unstand-
ardized that the results stand for very little.
The idea of filling two boxes with material, and then pull-
ing one over the other is not a new one. It has been suggested by
several authors, Dean M. S. Xetchum on page 125 of his book on "Walls
Bins, and Elevators" gives a design of such an apparatus, together
with a table of coefficients determined with it. No attempt was made
to show how the coefficient varied under different conditions.
The experiments of Fisher and Wagner in 1912, showed that
the coefficient of friction of sand remained practically constant
for all percentages of water content. In their experiments, and also
those conducted by the authors, the coefficient of internal friction
of the sand was taken as the force required to slid the upper box,
divided by the total gross weight in the upper box. Theoretically
the same result could have been obtained by tilting both boxes until
the upper one would slide of its own accord. The tangent of the
angle made with the horizontal would then be equal to the coefficient
of friction.
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(b) Apparatus and Method of Testing.
The apparatus used for the determination of the coefficient
of friction of sand, consisted of two wooden boxes without bottoms,
36 inches by 36 inches inside dimensions and 12 inches high. One
box was placed on top of the other, the two filled with sand, and
the upper box was pulled over the lower one. A worm gear was used
to pull the box, and a 1000 pound dynamometer to measure the pull.
A view of the apparatus is shown in Photograph 1.
Five different conditions of sand were used, varying from
very dry with a percentage of moisture of .243, to saturated with a
percentage of 9.23, An average of five trials was taken for each
reading
,
Great care was taken to make the conditions for each trial
the same as for all the others. This was necessary because of the
fact that the slightest change in the position of the boxes, the
rate of applying the pull , or the amount of compacting- done to the
sand would materially change the results.
The boxes were kept about three eights (3/8) of an inch
apart at all times. This prevented any friction between the sand and
the wood, and also kept the boxes from rubbing against each other.
The pull was applied to the box through a cable which was fastened
to each side of the box. It was carefully noted at each trial that
the pull was applied to this cable in a line with the center of the
box. It was also noted that the boxes were lined up with each other
for each trial. Any variation at all from these last two precautions!
caused a twisting moment which affected the results appreciably.
The pull was applied as evenly and steadily as possible.
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It was found that when the pull was applied very rapidly, it took a
much larger force to slide the box than when applied slowly. This
fact was probably due to the inertia of such a large amount of mater-
ial, and also to the fact that the sand grains had no time to form
a sliding surface, as theyprobably do when the pull is applied slow-
er. In these experiments, the load was applied at the rate of about
300 pounds per minute, the average total tine recuired to slide the
box being two minutes. This speed seemed to give the most uniform
results
.
In the experiments on loose sand, the upper box was re-
filled for each trial. If this were not done, the sand would compact
as the upper box was being moved back into position after a trial.
Tests were made with compacted sand, the sand being thor-
oughly tamped for each trial. It was impossible to get a uniform
degree of compactness with all conditions of sand, and a very small
difference in the amount of compacting done , made a large difference
in the coefficient. The only purpose of these tests was to show
that the coefficient increased with compacting. It was noted that
the wet sand compacted much more easily than did the dry sand.
In order to show the variation of the coefficient of fric-
tion with the size and form of the box, a two inch partition was
nailed across the center of the box, perpendicular to the direction
of the pull. The boxes were then filled with loose, dry sand, and
the same method of procedure as before was followed.
Other partitions were added at the quarter points, and
readings again taken. The same precautions were observed as with
the loose sand.
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( c ) .Experimental Data and Discussion.
The coefficient of friction was found to be practically
constant for all percentages of water content. This verifies the
experiments of Fisher and Wagner in 1912.
Table 1 shows the results obtained when the sand was thrown
into the boxes loosely, and no compacting was done. The coefficient
as determined varied from .656 to .674, with a mean of .655. The
coefficients obtained by Fisher and Wagner were considerably less,
varying from .568 to .621 with a mean of .604. Their experiments
were made on a coarser sand than was used in these tests, and the
box used by them was much smaller, being 9 inches by 14 inches by
6 inches high. Because of these differences, some variation in the
coefficients is to be expected.
V/hile conducting the experiments on loose sand, it was no-
ticed that the box would sometimes slide a considerable distance be-
fore the maximum pull was applied. There seemed to be more movement
of the particles of sand in some parts of the box than in others.
In order to investigate these conditions, horizontal lines were drawn
across the top of the sand as shown in Photograph 2. The upper box
was then pulled, and the movement of the sand was carefully watched.
The sand started to compress as soon as the pull was applied, and
continued until a maximum was reached, when the box slid. The great-
est amount of compacting was done in the back of the upper box, and
it gradually diminished until at the front there was no compacting
at all. In fact, the sand in the front of the box became unsupport-
ed, and settled down, as is clearly shown in Photograph 5, which was
taken after the box had slid. It may also be seen that the lines

which were straight in Photograph 2 have now become curved. This
shows that the greatest amount of compacting occured at the center
along the axis of the pull, and diminished towards the edges of the
box.
Table 2 shows the data from experiments made with sand com-
pacted in the boxes. In actual conditions the sand would probably
be at least slightly compacted. The compacting raised the coeffi-
cient of friction very considerably, the results obtained varying
from .724 to .852 with an average of .7 cj9. This is a large variation
there being a difference of 9.4$ from the mean.
It would appear from the table that the coefficient of
friction increases with the percentage of moisture. It is the opin-
ion of the authors, however, that the large variation is due to the
fact that the v/et sand compacts much more readily than the dry sand,
and that consequently there was much more compactness in the v/et sand
than in the dry.
Plate 5 shows data taken on loose dry sand with various
partitions in the boxes. The object of the tests was to find out if
the size of box pulled had any effect upon the coefficient of fric-
tion. When a single partition was made in the center of the box, the
coefficient was increased from .626 to .656. Number 2 of Table 3
shows the data taken with this arrangement. Two more partitions were
then put in at the quarter points, and the coefficient was further
increased to .675. number 3 of Table 3 shows the results obtained
in this case. These results show that a larger coefficient is to be
expected when tests are made with a small box. This is probably
caused by the fact that the whole body will be acted on much more
uniformly than with a small box, and all the sand will be acted upon
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at the same time.
Table 4 shows a sieve analysis of the sand used in the ex-
periments, and Plate 1 is the sieve analysis curve for the same sand.
The sand was poorly graded as the curve shows , the percentage of
small particles being too great. The tangent of the angle of repose
of the dry sand was .646, which is practically equal to the coeffi-
cient of friction obtained.
It is interesting to note the variations of the weight of
a unit volume of sand for different percentages of moisture. For
each different water content, a cubic foot measure was filled with
sand and weighed. Plate 2 shows the results obtained from the five
different conditions of sand. The weight decreases until about four
j
percent has been added. This is due to the fact that the water coatsjj
the grains of sand, and increases their spacing-. After the water
has coated most of the grains, it begins to permeate into them, so
that the combined weight of the sand and water increases.
One of the main difficulties encountered, was the selection
of a suitable gearing to pull the upper box, and of a mechanism to
record the pull. An ordinary chain pulley was first tried, but the
pull it exerted was too jerky and uneven to pull the box steadily.
A lever arrangement was also contemplated, but was deemed impracti-
cable because of the large force necessary. A worm gear was finally
decided upon; and it worked very satisfactorily giving a steady, even
pull. The dynamometer used had a capacity of 1000 pounds. It was
calibrated each time before using, and did not vary during- the time
used.
l|
EN CO.. CH'CAG? 'HEW >
1•TO
i
FOLATE Z
I THf T t iI up' :a
10.
11111
We/ghf of Sar?d
/b$ per ct/. ff.
5//oh//#6 wur/fiT/<w or
VA//T WE/6//TOE
CO/VTEA/T
3
o/sfc/re //? Jand'- percent
O 2 4
fH-
rrri
i

11
.
Table I.
Variation of the coefficient or Friction with the
Percentage or Moisture.
Condition of sand - Loose.
4
Moisture.
N. F.
1
average P. 1"**- •
lbs. lbs. lbs.
1025
055
u r nOp u 0^)1 . u ~7 f--*.. 030
050
? . 76
' jj oOO
•
020
35 017 . ol+O
o2 5
005
! (-. 22 595
o2
olO olO . 07^
015
olO
7 . 02 ot>5
olO
000 o2
.059
595
03 u
9.23 1010 030
o^l-O
050 05J1 . OpO
005
003
Average ..0^3
Notes:
II.- The total normal rorce. Includes the
weight or sand in the upper box.
F.- The rorce required to slide the upper box.
r.- The coerricient or Friction. f= 1

Table 2.
variation of the Coefficient of Friction with the
Percentage of Moisture.
Condition of Sand - Compacted.
I. F
.
average F. f
.
Moisture lbs. I t) s
.
lbs
.
.2113 1025 775
83^
775 812 .72 4
830
850
2.7^ 1087 <*55
835
775 811+ .750
780
825
4.22 1087 875
945
870 907
-83b
905
940
7.62 1135 930
90O
955 94? .834
920
90O
9.23 1175 990
102
1000 1000 .852
985
1005
av era^e • 799

Table 3.
Variation of the coefficient of Friction with the
Form of the Box.
Condition of Sand - Loose Percentage of Moisture-
HO ft IN . F» rt- V "I " jj . i •
Id 3
.
lbs.
—
IDS.
1 a d65?
^> C iZ
051 . V30
2 1009 070
655
005 obi . 050
065
050
3 9o0 050
035
660
.675
050
035

14 .
ratoia 4.
SIEVE AKA.X"X8IS OF SAlfD.
No. of
Sieve.
Diameter
of Sieve
Opening
.
inches
Weight
Jaught
on Sieve.
grams
Total weight
Joarser than
Given Diam.
grams
Total weight of San<
Pas :irjf Sieve
grams per cent
i
3/8 .375 130U. 5 100.00
3 .270 2.0 2.0 1350.8 99.4
5 .160 190. 192.0 1329. • 97.4
10 .073 •'+10.0 o02. 1292.
5
94.
12 8t>. 6 088. 117 4.0 80.1
18 .037 192.6 881.2 1053. 77.2
30 .022 171.8 1053. 881.2 o4.0
5+0
.015 121. 1174.0 088 . 90.3
50 .012 118. 5 1292.5 o02. 5+4.2
7* .0078 30.5 1329. 192.0 14.1
150 .OO33 21.8 13^0.8 2.0 U.15
Pan 1^.0 1364.8 0.0 0.0

IB .
Photograph No. I.
General View of . Apparatus
.
A
Photograph No. 2a
Before Pulling.
Photograph No. 2b.
After Pulling.
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PART III.
METHOD OF MEASURING EARTH PRESSURES.

17.
111. Method of Measuring T^arth Pressures
.
(a) Theory of Apparatus.
There has been much discussion concerning the pressure of
earth against retaining walls, and formulae for these pressures
have been evolved by Rankine, ,/eisbach and others. In all these
formulae assumptions have been made concerning unknown ana indefin-
ite quantities which prevent any accuracy being attained. In Ran-
kine's theory the filling is assumed to consist of an incompressible
homogeneous, granular mass, without cohesion, the particles being
held in position by friction on each other; the mass being indefin-
ite extent, having a plane top surface, resting on a homogeneous
foundation, and being subjected to its own weight. In his analysis
it is proved that the maximum angle between the pressure on any
plane and the normal to the plane is equal to the angle of internal
friction, and that there is no active upward component of stress in
a granular mass. It is also proven that the direction of the re-
sultant thrust on a vertical wall is parallel to the top plane sur-
face, and that the pressure on an inclined plane may be calculated
by the ellipse of stress. These conclusions have been borne out
by experiments with nearly perfect semifluids such as shot, wheat,
and dry sand, but since ordinary earth does not even approach this
condition, there is no reason to believe that the formula is appli-
cable to this case. Likewise the results obtained by the use of
other formulae depend upon like assumptions, and it is very evident
that the authorities themselves do not agree. Hot withstanding this
fact, no attempt has ever been made on a large scale to determine
the actual pressures which exist behind retaining walls.
An attempt has been made here to design an apparatus with
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which the actual pressures upon the wall can he measured. The plan
is to remove a 12 or 15-foot section from an actual retaining wall
20 feet high. Channels are to "be placed flush with the inside of
the wall. These channels are supported at two points on each of two
bars, which are in turn supported at the ends and act as simple beams
The pressure against the channels is to be measured by either the de-
flections or deformations in the bars. It is evident that the pres-
sure will have both a horizontal and vertical component, and conse-
quently there will be combined flexure in the bars.

19.
( b ) Beam Flexure.
Nothing could be found in engineering literature about
the action or beams under combined i'lexure, 30 it was necessary to
investigate such action. This was done by arranging a simple beam
so that loads could be applied at its center in either a vertical
or horizontal plane, and in both simultaneously . a l-inch square
bar was us^d, with a ci^ar span 01* o feet. The horizontal loads
were applied by means of a cord wnich was run over a pulley, *-ind
had weights attached.
The deflections were taken at four points, and were de-
termined for vertical loads alone, for horizontal lo'-ids alone, and
for a combination of the two. The results which are shown in Table
5 and 6, and plotted on Plate 3 and )|, seem to show that tne de-
flection of a beam due to a vertical loading, is independent of the
[horizontal loading and vice versa. This is true within tne elastic
I
limit of the material. The apparatus usea in these tests is snown
in Figur c I.
In applying this principle to the operation of the appar-
atus comtempiat ed, it was found that it would be practically im-
possible to have absolutely fixed points from which to measure tne
'jdeflections. It was th°r°for decided to test the feasibility of
jmeasuring the stress in a bar by deform-it ions . ?igur° 2 shows this
'
arrangement
.
Th° same size bar was used with the same length of clear
span. In this case the bar was set in a 90° block at each end, the
i(edges of the block making an angle of with the horizontal.
IjEqual vertical loads were applied it two points, °4,ch 1 1/2 feet from

20.
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the end or the bar. The deformations were measured by means of a
strain gage, the holes being spaced 10 inches apart. Table 7 shows
the data obtained at the first stressing, The load was then taken
off, and the bar again stressed up. Table 8 gives the data in this
case.
Both these tests s-^ern to show that both Horizontal and
vertical components of the load on the bar may be measured, provid-
ed the elastic limit of the material has not been exceeded. In
other words, the deformation in the horizontal or vertical plane
is directly proportional to the force exerted in trie plane consid-
ered, and is independent of all others.
Plate k shows the results of these tests plotted graph-
ically. In calculating the theoretical deflection, a modulus of
elasticity of 30,000,000 was used. This probably accounts for the
fact that the theoretical and actual curves do not coincide exactly.
The points for the actual curves represent a mean of the deflection
in the horizontal and vertical planes. These were very nearly the
same in all cases as can be seen by consulting Table 7 and 8.
Plate k also shows that on restressing the bar, the elastic limit
was raised considerably. This fact can be utilized in the appar-
atus when constructed, by stressing the bars up past their elastic
limit, then letting them down gradually, ana recalibrating them.
.Before placing a bar in the wall, it should be thoroughly
calibrated and a calibration curve drawn. All bars should have the
gage holes the same distance aparlt, and a standard bar should be
of the same material as the others. When a test is to be made, a
zero reading on the standard bar should be taken and in this way
temperature deformations will be taken account of.

23.
(o) .Design o£ apparatus.
Having decided that it was practicable to measure the
forces on a retaining 'til by tne HDove mentioneu metnou;j
,
it De-
cani*3 necessary to design tne size or cnannei ana supporting u>irs to
use. For several reasons a large cnannei must oe used out it must
not be too stiff. After some computation it wa3 decided to use a
13" 33# channel. The design or tne bar however wa3 a different
matter, and several metnods were tried. In tne first place, it is
evident that the bar must not be too rigid as a deflection or de-
formation capable of being measured is required, while a too flex-
ible bar could not be used. In tnis work the following notation is
us»d: I is moment of inertia of section of oar, 1', the moment
of inertia of section of cnannei, 1 th^ length of channel in incnes,
a the distance from end of channel to support, and w the norizontai
load per lineal foot of channel. The earth is assumed to give an
eq.-.ivai^nt liquid pressure of 30 ids. per square foot, and to nave
a vertical component equal to 1/3 tne norizontai force. Tnis will
take care of maximum conditions.
The plan first tried was to nave tne channel and bars
the same length, 12 feet, it is evident tnat tne enus of tne chan-
nel must remain flush with the wall, because if tney deflect inward,
th<= channel would carry more load tnan it would otherwise take, and
if the ends deflect outward, the opposite is the case. The load
on the channel will probably vary due to deflection as snown in
Figure 3, but if the ends remain flush with the wall an average load,
equal to that on the wall itself at tne same heignt, will result.
Accordingly an equation was worked out for tne elastic curve of the
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bar, which acts as a simple bean: loaded at two points. Thi3 gives
the deflection under the point of application of the load, when the
proper substitutions are made. Likewise the equation of the elastic
curve for the channel was derived, as shown in Equation 3, which is
that of a simple beam with over hanging ends. By substituting in
this equation values for the deflections at the ends of the channel
may be obtained. Now by placing the negative value of y, in Equa-
tion 3a, equal to the positive value of y w Equation 3, a value
of "a" may be obtained for every value of I_« . This is the value
I
such that the end of the channel retains its position relative to
1
the wan. By assuming values for y , a curve, Plate o was drawn
from which the proper value of "a" lor any j may be easily deter-
mined. A new difficulty arose at this point. It can be seen that
for any value of — except a rather large one, the value of "a" is
very small. This gives a small moment and consequently small
stresses with correspondingly small deformations and deflections
in the bar. Also where A' is made small the stresses are decreased
I
by the larger moment of inertia of a section of the bar. ?or these
reasons it was decided to abandon this plan.
The second plan considered was to use a bar of length
15 feet, and a channel of length 1? feet. Between the end of chan-
nels ar,d the wall is a plate which is fastened to the ^-bars in the
wall. This plate may be designed to have any desired deflection
at a certain point, corresponding with the assumed earth pressure
at that point. Plate 8 shows the relation of the deflection of the
bar at the point of application of the load to the distance
wfor different values of — . These curves are arawn from Equation
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3a. Plate 9 snows the variations of the deflection at tne end of
charnei witn "a" for different assumed values of w, as determined
by Equation 3. xfow if a certain value of "a" is decided upon, for
any given depth w and I may be assumed and tne deflections obtained
from Plates 8 and 9. The difference between these deflections
gives the necessary deflection in the equalizing plate, a maximum
deflection of J" in the bar is probably allowable. Plate 10 is a
diagram of moments of inertia of rectangles to aid in selecting
the proper section. In designing the bars for all the channels
except the two top ones, the design was made so that the deflection
at the end of the channel just equaled that of tne bar at the point
of application of the load. Therefore an equalizing plate that
gives approximately a zero deflection may be used. For the two
upper channels, however, the assumed load w was so small that only
a small deflection at the end of channel could be obtained. Hence
it was necessary to use an equalizing plate that would give the re-
quired deflection as stated above.
v
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Table 5.
Beam Flexure - Single Loads.
Horizontal Loading only
Load Deflections.
1 2 3 4
17 . 042 .053 .035 .042
^3.5 . 090 .128 .120 . 092
70. .152 .2 09 .209 .152
90.5 .207 .288 .288 .210
123. .203 . 300 .307 .2 03
148.0 .319 . 422 . 422 . 32
Vertical Loading only
Load Deflections
1 2 3 m
17 . 042 .033 .055 . u42
43.3 . 09b .128 .120 . 092
70. .152 .2 09 .209 • 132
90.5 .2 07 .288 .288 .210
123. .205 . 300 .307 .205
148. • 319 .422 . 422 .320

rable o.
Beam Flexure - Combined Loading.
Hor iz ontai
Load Deflections
l 2 3 I*
1 7
-J- 1
.01+1 .055 .055 . 0^2
.093 .12o .127 .093
7 0. .130 .2 03 .208 .152
70.0 .152 .210 .209 .15 ,+
70.0 .152 .2 09 .208 .153
9o. 5 .200 .2tJ5 .285 .207
Vertical
Load Deflections
l 2 3 1+
25 . 050 • .072 . 071 .053
25 .053 . 07 1| . 072 . 052
25 .051+ .075 • 075 . O58
31.3 ,1Gb .1^8 • 1^7 .110
7^.5 •132 .213 .211 .156
76.5 .155 .217 • 215 .159
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Table 7.
Beam Flexure - Double, Combined Loading.
Loading Deformat ion Stress at
Horizontal
lbs
.
Vertical
lbs.
Horizontal
ins
.
vert leal
ins
.
Calculated
ins
.
Extreme Fiber
1 / Q(i Tn
1+6 1+0
.
0011+
.
001 1+ . 00107 1+9 oO
81
.
5
81
.
5
.0020 . 002o . 00291+ 8800
110.5 110. 5 . 001+2 . 001+2 . 00^58 12 oOO
152 142 . OO50 . 0051+ . 00553 lol+00
187 187 . 007 . 0000 . 00082 2 02 00
222 222 . 0081+ . 0080 . 0081 21+000
258 258 . OO90 . U09O . 009)+ 27900
2 93 293 .011 . ol 08 . 01 Oo 3I0OO
322 322 . 0120 . 012 . 0118 3 1+8 00
337 357 . 011+ .0139 . O131 38&00
1+0O 1*00 . 0158 . 0150 .011+5 1+32 00
>+35 U35 .0170 . Oloo . 0158 +7000

Table 8.
Beam Flexure - Double, Combined Loading - Restressed.
Loading Deformation Q + -y* C* G c +O tl O b o O-L
Extreme Fiber
lbs. /sq. in.
Horizont al
lbs
.
Vertical
lbs
.
Horizontal
ins
.
Vertical
i ns
.
Calculated
ins
.
46 46 .0018 .0016 .00167
127 127 .0046 .0048 .0046 15 /0u
3,97 1S7 .0074 .0074 .0072 c±£>00
269 269 .0102 .0102 .0098 29100
304 504 .0116 .0116 .0110 32d00
540 540 .0126 .012 .0124 06 iOO
O ID o- r» r*375
.
0142
. 0144 . 0136 40o00
410 410 .0154 .0158 .0149 44300
446 446 .0168 .0174 .0162 48200
482 482 .0184 .0192 .0175 52000
500 500 .019 .0198 .0182 54000
516 516 .020 .0208 .0187 55700
555 533 .0218 .023 .0194 57600

42.
'ruble 9.
Design of Bars
Chan-
nel
No
.
As surae &
w
Ids
.
Di stance
UQ11
ins
.
OlZc UI D ctl T fnr
2 Bars
T) a fl e ci t, i on
ins
.
Side
Pis.
1 30 2x2 2.6 0.4 1/4
2 30 33 2x2 2.6 0.4 1/4
3 110 38 2x2 3/8 4.3 0.5 1/4
4 110 38 2x2 3/8 .4.3 0.5 1/4
5 210 42 1/2 2x3 9.0 0.5 3/4
6 210 42 1/2 2x3 9.0 0.5 3/4
7 300 44 2x3 1/2 14.3 0.5 3/4
8 300 44 2x3 1/2 14.3 0.5 3/4
9 390 45 1/2 2x3 7/8 19.0 0.5 3/4
10 390 45 1/2 2x3 7/8 19 .0 0.5 1"
11 500 46 2 1/4x4 1/3 26.4 0.5 1"
12 500 46 2 1/4x4 1/8 26.4 0.5 1"
13 600 46 1/2 2 1/2x4 1/8 26. 6 0.5 1"
14 600 46 1/2 2 1/2x4 1/8 28.6 0.5 1"
15 700 47 2 1/2x4 o/8 35.0 .
5
1"
16 750 47 2 1/2x4 1/2 37.8 . 5 1"

PART IV.
PHOTOGRAPHS SHOWING THE DIRECTION OF LINES OF PRESSURE.

*3.
IV. Photographs Showing the Direction of Lines of Pressure.
The idea of photographing granular masses in motion was
originated "by Mr. LIuller-Breslau. Ee took some such photographs in
connection with his experiments on lateral pressure against retain-
ing walls. In 1912, Fisher and Wagner also made some experiments of
this kind.
Their experiments were made on sand which was hanked up
"behind a pane of plate glass 15 inches by 18 inches. Long exposure
photographs were taken through the glass, while a load was "being ap-
plied to the sand. The pressure required to force down the' blocks
J
was small, so a lever arrangement was used to supply the pressure.
The photographs taken were very good, and showed exactly
the way the granular mass of sand moved as a pressure was applied.
In this thesis it has been the intention to conduct a similar set
of experiments on a much larger scale. In this way a greater pressure
will be required, and the movement of the sand particles will be
correspondingly greater.
In these experiments, the apparatus used consisted of a
wooden frame work which siipported a pane of plate glass 3 1/2 feet
high and 4 1/2 feet wide in a vertical position. Sand was piled up
on one side of the glass and a vertical load applied to it close to
the glass. As the pressure was being applied, a time exposure photo-
graph "was taken through the open face of the glass. Figure 7 shows
the general arrangement of* the apparatus. Photograph 3 shows the
front view with no load applied.
The framework was constructed of 2x4 inch lumber, and the
braces, which kept the glass from bending, were 1 1/2 by 2 inches.

FIGURE 7

It was found necessary to have these "braces "because of the lateral
pressure exerted against the glass. l^ven with the braces, the glass
soon "became "badly cracked when used. In fact most of the photographs
were taken after the glass had cracked.
The sand was heaped up "behind the glass in as thin a pile
as was possible. This made the resistance to the movements of the
"blocks, with which the load was applied, a minimum. Small wooden
"blocks 3 inches wide and of various lengths were used to transmit
the pressure to the sand. These blocks were forced down into the
sand by means of a small hydraulic jack which exerted a force against
the ceiling. This method of applying the pressure was found to be
very satisfactory, because the amount and speed of sinking the blocks
could be easily regulated. The blocks were forced down about 3
inches
.
Photographs were taken with the lens of the camera four
feet from the front of the glass. Because of the very poor light,
it was difficult to obtain good results, but the photographs bring
out the points desired. The inked lines on the photographs show the
position of the blocks when the load was applied.
Photograph 3 was taken with no load on the sand. The sand
next to the glass was caught on a 1/8 inch screen. The other sand
used was the same as was used in the experiments on the coefficient
of friction.
When the pressure was applied to the sand through an 8
inch block, the lines of pressure were very much localized in the
immediate vicinity of the block. They show, however, that their
general direction is downward, and is not spread over a large area.
This is shown in Photograph 4.

40. I
Photographs 5, 6, and 7 show the movement of the sand
particles when the load was transmitted through single 15, 24, and
30 inch blocs, respectively. A comparison of these views bring out
the fact that the larger the area of the transmitting block, the more
the lines of force tend to go directly downward. It also seems that
the transmission is much deeper with the larger blocks, which would
tend to show that the conclusion of Fisher and V.agner that "The unit
pressure transmitted varies directly with the area of the plate" is
correct
.
It was attempted to get photographs with the pressure trans -
mitted through 8-inch blocks spaced 23 inches centers, which is equiv-
alent of 15 inches clear span. This would approximate the size and
spacing of an ordinary railroad tie. Photograph 8 was taken with two
blocks, and Photograph 9 was taken with three blocks spaced as above.
I
They show that the pressure is transmitted practically downward, and
spreads out very little. The blocks seem to have a restraining in-
fluence on each other, which straighten out the lines of pressure.
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PART V.
CONCLUSIONS.

5H.
v. Conclusions.
1. The coefficient of friction of loose sand is practical
ly constant, regardless of the water content.
2. The coefficient of friction of sand compacted a given
amount is practically constant, regardless of the water content.
3. The coefficient of friction of sand is raised consid-
erably toy tamping. This fact can toe utilized toehind retaining walls
toy wetting down and rolling the material as it is toeing deposited.
h. The size of toox used in the coefficient of friction
experiments was too large for the purpose intended. A toox IS in.
toy 18 in. toy 12 in. deep is recommended.
5. The horizontal and vertical components of a load may
toe determined from the horizontal and vertical deflections of a
simple team carrying zhe load.
o. The horizontal ana vertical
components of a loaa may toe determined toy
deformations measured along the axes A. - A
and B - 1 as shown in Figure 8.
e^r/<s & .7. Earth pressures against re-
taining walls may toe measured toy the apparatus discussed in this
paper
.
8. The deformation method seems more practicable than the
deflection method for measuring the force exerted against a wall.
9. From the photographs taicen it appears that tne general
direction of pressure lines is downward, diverging as the depth
increases
.
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